INTRODUCTION
The red alga Gracilaria vermiculophylla, found mostly in the Northwest Pacific, is an important marine resource in the production of agar 1, 2 . This alga is a well-known producer of prostaglandins, such as PGE 2 and PGF 2α 3 6 . Although this alga is known to have a cyclooxygenase COX gene, the metabolic pathway and biological significance of prostaglandins have not been fully elucidated to date 7, 8 .
Prostaglandins are important compounds that are widely used in the pharmaceutical field because they inhibit platelet aggregation 9 , and have oxytocic 10 and gastric antisecretory actions 11 . G. vermiculophylla is a promising source of naturally occurring prostaglandins 4, 12 .
Algal prostaglandins are produced from glyceroglycolipid GL and phospholipid PL substrates, which are hydrolyzed by acyl-hydrolases that are activated by physical wounding 4, 6, 7, 13 . Wounding releases arachidonic acid 20:4n-6 or eicosapentaenoic acid 20:5n-3 , which are then transformed to prostaglandins by the action of COXs classes, fatty acid composition, and glycerolipid molecular species of the alga were clarified using two-dimensional thin-layer chromatography 2D-TLC , gas chromatography GC , high-performance liquid chromatography HPLC , and mass spectrometry MS .
EXPERIMENTAL PROCEDURES

Materials
G. vermiculophylla was collected from Shinori Beach Hakodate, Japan in late October 2008. The algal sample was immediately immersed in a boiling water bath for 10 min to inactivate hydrolytic enzymes before lipid extraction and then processed within 24 h.
Analytical-and HPLC-grade solvents, and 1,1-dimethylhydrazine were purchased from Kanto Chemical Tokyo, Japan . Standard samples of monogalactosyldiacylglycerol MGDG , digalactosyldiacylglycerol DGDG and sulfoquinovosyldiacylglycerol SQDG from plant leaves were obtained from Lipid Products Redhill, United Kingdom . Soybean phosphatidylcholine PC was also used as a standard, which was purchased from Sigma-Aldrich St. Louis, MO, USA . 3,5-Dinitrophenyl isocyanate was obtained from Sumika Chemical Analysis Service Osaka, Japan .
Lipid extraction
Lipids were extracted from G. vermiculophylla by the Bligh-Dyer method 14 with some modifications. In brief, the algal sample 100 g was cut into small pieces 3-5 mm , which were homogenized in 200 mL methanol and 100 mL chloroform. After filtration, 100 mL chloroform and 100 mL water were added to the algal residue, homogenized, and then filtered. Next, 200 mL chloroform was added to the residue; the solvent was separated in the same manner, and all the obtained solvent fractions were mixed. After standing for 12 h in the dark at room temperature, the organic solvent layer lower layer was recovered, the solvent was evaporated until dry under reduced pressure, and the resultant lipids were obtained.
Lipid class analysis
2D-TLC analysis was performed on silica gel 60F 254 aluminum sheets 10 10 cm, 0.25 mm thick; Merck, Darmstadt, Germany according to the method described previously 15 17 . The solvent systems were a mixture of chloroform/methanol/water 75:25:2.5, by vol for the first separation and chloroform/methanol/acetic acid/water 80:9:12:2, by vol for the second separation. Spots were visualized by heating at 130 after spraying with 50 sulfonic acid. Lipid components were identified by comparing the Rf values of standards and the chromatograms shown in previous reports 16, 17 . 
Fatty acid analysis
Individual glycerolipids were converted to fatty acid methyl esters by heating at 90 for 1 h in 5 w/v HCl in methanol 21 . GC analysis of the methyl esters was performed using a Shimadzu GC-14A gas chromatograph Shimadzu, Kyoto, Japan equipped with an Omegawax 320 column 30 m 0.32 mm i.d.; Supelco, Bellefonte, PA, USA 13 .
Helium was used as the carrier gas at a flow rate of 1.2 mL/ min. The split ratio was 1:50. The column temperature was elevated from 170 to 230 at 1 /min. The sample injection port and flame-ionization detector FID temperatures were maintained at 230 . Peaks were monitored on a Shimadzu Chromatopac C-R6A integrator and identified by comparing the retention data of authentic standards and known fatty acids from marine algae 22 .
2.6 Release of diacylglycerols from glycerolipids MGDG, DGDG, SQDG, and PC were converted into 1,2-diacylglycerols as described by Heinze et al. 23 . Briefly, 2 mg glycoglycerolipid and 52 mg HIO 4 4H 2 O were dissolved in 1 mL methanol and kept at room temperature for 90 min in the dark. Then, 4 mL chloroform and 2.5 mL 0.45 NaCl solution were added and shaken vigorously. After brief centrifugation, the lower phase was evaporated under nitrogen gas. The residue was dissolved with 5 μL 1,1-dimethylhydrazine in chloroform/water/2-propanol/ acetic acid 6:7:2:3, by vol and kept in the dark at 25 for 4 h for DGDG, and 20 h for MGDG, SQDG and PC. After adding 3 mL hexane, the mixture was washed twice with 2 mL 50 mM KH 2 PO 4 solution and dried over anhydrous Na 2 SO 4 . The residue obtained after removal of the solvent contained the diacylglycerols released from glycerolipids.
Preparation of derivatives
The 1,2-diacylglycerols released were immediately converted into their 3,5-dinitrophenylurethane 3,5-DNPU derivatives without prior isolation from the reaction products to minimize acyl migration as described previously 20, 24 .
Namely, the reaction products and 3,5-dinitrophenyl isocyanate 5 mg were dissolved in dry toluene 5 mL in the presence of dry pyridine 30 μL , and the solution was stirred at 30 for 3 h. After removal of the solvent, the crude urethane derivatives were purified by TLC on silica gel 60 F 254 glass sheets Merck , using hexane/dichloromethane/ethanol 40:10:3, by vol as the developing solvent. Bands were visualized under UV irradiation Rf 0.6-0.7 , and the adsorbent containing the derivatives was scraped off and extracted with diethyl ether.
Chiral-phase HPLC
Chiral-phase HPLC of the diacylglycerols as 3,5-DNPU derivatives was performed as described previously 20, 24 26 .
The analysis was done on a Shimadzu LC-6A instrument equipped with a chiral column YMC-Pack A-K03, 250 4.6 mm i.d., 5 μm particles; YMC, Kyoto, Japan , using a mixture of hexane/dichloromethane/ethanol 40:10:1, by vol as the mobile phase at a constant flow rate of 1 mL/ min. The column temperature was kept at 10 . Peaks were monitored with a Shimadzu SPD-6A variable wavelength detector set at 254 nm, and chromatograms were recorded on a Shimadzu Chromatopac C-R3A. The chirality of the diacylglycerols released from glycerolipids was determined by comparing the retention times of the 3,5-DNPU derivatives with those of standard sn-1,2-and sn-2,3-diacylglycerols generated from fish oil triacylglycerols by partial Grignard degradation 20, 24, 25 .
2.9 Reversed-phase HPLC Molecular species analysis of diacylglycerols as 3,5-DNPU derivatives was performed by reversed-phase HPLC, using a system comprised of an L-7100 pump Hitachi, Tokyo, Japan equipped with a Superspher 100 RP-18 column 250 4.0 mm i.d., 4 μm particles; Merck and an L-7455 diode array detector Hitachi . The analysis was done isocratically at 20 using acetonitrile as the mobile phase at a constant flow rate of 0.5 mL/min. Peaks were monitored at 254 nm.
Reversed-phase HPLC-ESI-MS
Reversed-phase HPLC-electrospray ionization ESI -MS was performed by admitting the entire HPLC column effluent to a LCQ ion trap mass spectrometer Thermo Separation Products, San Jose, CA, USA . Separations of the glycerolipid molecular species were performed under the same conditions as the HPLC analysis with UV detection, as described above. Mass spectra were taken in a scan range of 150-1200 atomic mass units amu . The capillary temperature was 270 . The tube lens offset and capillary voltages were 60 V and 28 V, respectively. Flow rates of the nitrogen sheath and auxiliary gases were set to 80 arbitrary units arb and 30 arb, respectively. The deprotonated molecules M H and carboxylate anions RCOO obtained in negative ESI mode were used to identify individual molecular species of glycerolipids. The relative intensities of two carboxylate anions R 1 COO and R
COO
produced from glycerolipids by collision-induced dissociation CID was used for determining the sn-position sn-1 or sn-2 of the acyl groups in the molecules 24, 27 .
RESULTS AND DISCUSSION
Lipid class composition
Three GLs MGDG, DGDG, and SQDG and four PLs PC; phosphatidylethanolamine, PE; phosphatidylglycerol, PG; phosphatidylinositol, PI were clearly recognizable as dark violet spots on the 2D-TLC plate Fig. 1 . Previous reports have described that glycerolipids are present in Gracilaria species 12, 21, 28 , including some minor compounds, possibly sphingophospholipids and inositolphosphoceramides U 1 -U 7 in Fig. 1 , that have also been identified in G. verrucosa G. vermiculophylla 28 . The major glycerolipid components MGDG, DGDG, SQGD, and PC were also detected by HPLC-ELSD, but no clear peaks of minor PLs PE, PG, and PI were detected Fig. 2 , probably due to the limited sensitivity and dynamic range of ELSD 29 when compared to TLC detection. Quantitative estimations of the major glycerolipids were performed by HPLC-ELSD, using a calibration curve for each glycerolipid Fig. 3 . The sum of the major four glycerolipids of G. vermiculophylla accounted for 43.0 of the total lipid profile, the contents of which mg/g of total lipids SD of three analyses were in the order of DGDG 123. 7 6 , whereas SQDG contained a large amount of saturated fatty acid SFA 79. 1 . A similar composition was also observed in G. chorda 30 . These results suggest that MGDG and PC, which are abundant in 20:4n-6, are the main substrates of prostaglandin production. Figure 4 shows the chiral-phase HPLC profiles of 3,5-DNPU derivatives of the diacylglycerols released from MGDG, DGDG, SQDG, and PC of G. vermiculophylla, and of standard sn-1,2 2,3 -diacylglycerols generated from tuna orbital oil triacylglycerols by partial Grignard degradation. The standard was clearly resolved into two groups, Figure 5 shows the reversed-phase HPLC chromatograms of 3,5-DNPU derivatives of the diacylglycerols released from MGDG, DGDG, SQDG, and PC of G. vermiculophylla. All major molecular species were eluted from the C18 column with clear resolution. Each peak was identified by MS with CID energy as described previously 26, 27 . Figure  6 shows the reversed-phase HPLC-ESI-MS profiles of DNPU derivatives of sn-1,2-diacylglycerols released from MGDG of G. vermiculophylla. Prominent M H mole- cules were detected without CID energy Fig. 6B , whereas when 40 CID energy was applied, RCOO ions were produced Fig. 6C . The sn-positions of the acyl groups were determined from RCOO ion intensities Fig. 6C . When CID energy was added, the intensities of R 2 COO carboxylate anions generated from the sn-2 position were higher than those of R 1 COO carboxylate anions from the sn-1 position . The same observation was made in ESI-MS and FAB-MS analyses of phospholipids 35, 36 . The preference of the formation of the carboxylate anion from the sn-2 position is most likely due to the stability of the five-membered ring transition state, compared to the sixmembered ring transition state, which is generated by attack of the anionic site of the phosphate group either at the glycerol sn-2 or sn-1 carbon, respectively 35, 36 . With the 3,5-DNPU derivatives of diacylglycerols, the anionic site M H would be generated by deprotonation of the amide bond 26, 27 . Table 2 shows the molecular species composition of the glycerolipids from G. vermiculophylla examined in this study. In MGDG, DGDG, SQDG, and PC, 15, 14, 12, and 7 molecular species were identified, respectively. The 20:4n-6/20:4n-6 sn-1/sn-2 species accounted for the largest proportion of MGDG and PC: 56.5 and 40.0 , respectively. On the other hand, the 20:4n-6/16:0 species was the predominant species in DGDG and SQDG: 75.4 and 58.4 , respectively. MGDG also contained a high proportion of 20:4n-6/16:0 17.7
Positional isomers of glycerolipids
Molecular species of glycerolipids
, and PC contained an abundance of 16:0/20:4n-6 26.3
. The sn-position of 16:0 and 20:4n-6 in MGDG, DGDG, and SQDG molecules was opposite that of the main molecular species of PC. In SQDG, a saturated 14:0/16:0 species was also abundant 29.4 . In addition to the major molecular species, 20:4n-6/16:0, MGDG, DGDG, and SQDG contained a small amount of its reverse isomer, 16:0/20:4n-6, whereas PC did not contain 20:4n-6/16:0. The 16:0/20:4n-6 isomer was also found in MGDG of three species of red algae e.g., Porphyra yezoensis, Corallina pilulifera, and G. vermiculophylla , but 16:0/20:4n-6 was not found in DGDG and SQDG, nor was 20:4n-6/16:0 found in PC of these algal species 37 . The coexistence of both isomers indicates that G. vermiculophylla biosynthesizes glycerolipids from both the prokaryotic biosynthesized in the chloroplast envelope and the eukaryotic pathways biosynthesized in the chloroplast envelope after passing through the endoplasmic reticulum , as with spinach, tobacco, and Arabidopsis 
CONCLUSIONS
This study investigated the lipid classes, fatty acids, and molecular species of the red alga G. vermiculophylla to elucidate the metabolic pathway of algal prostaglandins. The main glycerolipids were MGDG, DGDG, SQDG, and PC, which comprised 43.0 of the total lipid profile, and 20:4n-6 and 16:0 were the predominant fatty acids in these glycerolipids. The 20:4n-6/20:4n-6 species was predominant in MGDG 56. 5 and PC 40.0 , and the 20:4n-6/16:0 species was predominant in DGDG 75. 4 and SQDG 58. 4 . Thus, the glycerolipid molecular species Table 2 . Table 2. containing one or two 20:4n-6 would be the major substrates for prostaglandin production in this alga.
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